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(Received 1 April 2018; accepted 1 June 2018; published online 18 June 2018)
A new octave bandwidth high selectivity compact microstrip diplexer working in the band from 10
to 20 GHz is presented, intended to be a part of an electro-optical interferometer covering the whole
frequency band. The circuit is based on the combination of hybrid couplers and bandpass filters both
on the microstrip technology. The diplexer provides two output frequency bands which cover the
10–14 GHz (relative bandwidth of 33%) and the 16–20 GHz (relative bandwidth of 22%) ranges,
respectively, with a stop band in between from 14 to 16 GHz. Measured results show a insertion loss
level of 3.3 dB for both output bands and high selectivity performance, exhibiting a rejection level
between output bands higher than 20 dB and return loss better than 10 dB in all ports. Published by
AIP Publishing. https://doi.org/10.1063/1.5031885
I. INTRODUCTION
In many communication systems, in which a frequency-
selective application is involved, specific subsystems are
required to overcome the split of the signal into different sub-
bands. Therefore, the use of multiplexers has been widely
expounded to overwhelm this issue in transmitter or receiver
systems, achieving high isolation between bands in order not to
compromise the system performance. Moreover, the frequency
multiplexing when wideband systems are involved demands
a thorough knowledge of system configuration to select the
most suitable alternative to compose it and properly operate.
In this way, a receiver intended for radio astronomy applica-
tions usually covers great relative bandwidths; hence, the per-
formance of each subsystem, which is part of it, is demanded
to be extremely accurate and compliant with tight receiver
specifications.
In this document, an octave bandwidth microwave
diplexer to be part of a 10–20 GHz receiver for radio astron-
omy applications is presented. This receiver is focused in
the analysis of the early universe, through the study of the
Cosmic Microwave Background (CMB) and the large-scale
structure (LSS) of the universe. It is aimed to reveal the
characteristics of the inflationary process responsible for the
accelerated expansion of the early universe and the structure
formation, which is currently observed. In this context, the
data from the Planck1,2 and QUIJOTE3–5 experiments will
be crucial to obtain a better knowledge of the foregrounds
that cover the CMB. Moreover, the 10–20 GHz receiver will
also complement the measurements and data of the multi-
frequency instrument of the QUIJOTE project operating in
the same frequency band but in a different topology.6 There-
fore, in this receiver from 10 to 20 GHz, an electro-optical
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interferometer is proposed to complement the latter data, and it
is composed of two separate frequency bands (10–14 GHz and
16–20 GHz) to properly perform the microwave to optical
frequency conversion.
Therefore, in order to split both frequency bands in the
receiver, a microwave diplexer is used. The operation band-
widths of diplexer applications are quite different from few
megahertz up to tens of gigahertz in their output bands, so
many different topologies and technologies have been imple-
mented.7 Microstrip solutions using band-stop filters,8 stub-
loaded configurations,9 or resonators10–12 have demonstrated
significant performance. Yet, substrate integrated waveguide13
and waveguide designs14,15 have been competitive solutions to
fulfill requirements.
Among above solutions, and intended for very wideband
applications, waveguide implementations enable us to achieve
outstanding results.14,15 However, the working frequency band
in the presented receiver is a significant issue since covering
an octave bandwidth with a standard rectangular waveguide
makes it propagate higher-order modes in addition to the dom-
inant mode that produce an erratic behavior in the proper
operation of the design.
Considering the latter considerations, this manuscript pro-
poses a novel octave bandwidth high selectivity compact
microstrip diplexer based on the hybrid-coupled design with
bandpass filters, properly defined to confine both the output
frequency ranges and the selectivity between bands. The cir-
cuit covers the 10–20 GHz frequency band and splits it into a
lower band from 10 to 14 GHz and an upper band from 16 to
20 GHz, with a rejected band from 14 to 16 GHz. The docu-
ment has five sections. This first section is an introduction,
while the second one defines the receiver configuration in
which the diplexer circuit is involved. Section III describes
the design of the octave bandwidth diplexer. The experimen-
tal results are presented and discussed in Sec. IV, and finally,
Sec. V draws general conclusions.
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FIG. 1. Full interferometer configuration with the
microwave (in blue) and optical (in light blue) parts.
II. RECEIVER CONFIGURATION
The receiver is an interferometer type that operates in
the frequency band from 10 to 20 GHz, which combines
very sensitive microwave instrumentation and a novel electro-
optical correlator, which allows us to obtain, in the near-
infrared spectrum, the synthesized image of the Stokes param-
eters of the CMB polarization. A simplified overall receiver
topology is shown in Fig. 1. The receiver configuration
includes critical components, such as octave bandwidth feed-
horn antenna, polarizer, orthomodes (OMT), or diplexers, as
well as very low-noise amplifiers based on III-IV compound
semiconductors, which all developments constitute technolog-
ical challenges. The main advantage of the proposed correlator
is its lower complexity with respect to classical correlator
configurations.
Attending to the microwave receiver part, its configura-
tion is depicted in Fig. 2. As stated before, it is composed of
many broadband subsystems, which must cover the full band-
width from 10 to 20 GHz before the frequency separation in
two subbands. In order to split the incoming bandwidth into
the bands from 10 to 14 GHz and from 16 to 20 GHz and to
avoid the undesired output frequency band from 14 to 16 GHz,
a frequency selective circuit is used to perform the band sep-
aration: a diplexer. The performance of this unit is crucial in
order to separate the frequency components for each band and,
at the same time, to provide a high rejection of the undesired
output band and high isolation between bands. The position
of the diplexer in the receiver is shown in Fig. 2, located after
the component separation of the incoming signal by the OMT
and adequately amplified.
At the output connections of the Back-End Module (BEM)
receiver, microwave correlation units are added in order to
combine both microwave signals coming from separated bands
from each branch. For each frequency band, an in-band
microwave correlator with power splitters, fixed 90◦ phase
FIG. 2. 10-20 GHz full receiver configuration (cryogenic part in blue and room temperature operation in red).
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shifter and 90◦ hybrids, is placed. Then, the optical fre-
quency conversion is performed to properly operate in the
near-infrared frequency band.
III. DIPLEXER CONCEPT AND DESIGN
The diplexer is a key part of the wideband very sensitive
receiver since it needs to split the signals into two subbands:
10–14 GHz and 16–20 GHz to subsequent signal correlation
in each subband of the receiver, and to reject the 14–16 GHz
band in between.
The concept of the described diplexer is based on a bal-
anced configuration using hybrid couplers in the main circuit
branch and high selective bandpass filters to confine both out-
put bands, in an improved topology to the design described
in Ref. 15. The circuit schematic of the proposed diplexer
is shown in Fig. 3. The proposed balanced topology avoids
the use of a matching load termination in the isolated port
of the output quadrature hybrid coupler when used in the
diplexer, in combination with its high isolation. Moreover, this
solution directly uses the isolated port of the input hybrid as
one of the output bands. This effect is achieved by loading
ports #2 and #3 of the input hybrid with reflective loads in
the desired frequency band, which simultaneously provide a
matching load effect for the other subband. Hence, no addi-
tional complex structures are needed at the isolated port of
the hybrid. Besides, the great bandwidth covered could not be
developed in a waveguide topology due the higher-order mode
issue.
The combination of two 90◦ hybrid couplers with two
identical bandpass filters of one band, which are placed in
between, makes the isolated port of the input hybrid propagate
the rejected frequency components of the used filters. Then, a
bandpass filter, designed in the other frequency band, confines
the desired output band at the isolated port of the input coupler
(see Fig. 3). Thus, the configuration for the diplexer shows
that the upper frequency band is connected through the hybrid
couplers, whereas the lower band is obtained in the isolated
port of the input hybrid as shown in Fig. 3. Hence, the insertion
loss level for both frequency bands is well balanced, which is
significant to the whole system in order to accomplish its power
budget.
A. Diplexer analysis
The analysis of the diplexer response is performed using
the schematic shown in Fig. 4. The different reflection coeffi-
cients at each subsystem ports are considered, in order to eval-
uate each frequency band of the diplexer taking into account
the mismatching between subsystems.
The diplexer is analyzed obtaining the gain for each trans-
mitted signal from input port #1 to output ports #2 and #3. A
good isolation level in the couplers entails a negligible influ-
ence of the isolated port (#H4 of the input coupler in Fig. 4) for
the transmission signal through output port #2. Then, a signifi-
cant isolation of the couplers together with a good matching in
their ports enable to calculate the gain of the whole balanced
network from input port #1 and output port #2 considering
all the reflections coefficients shown in Fig. 4. Besides, the
FIG. 3. Circuit schematic of the pro-
posed diplexer.
FIG. 4. Circuit configuration of the
diplexer considering the reflection coef-
ficients for its analysis.
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transmission coefficients of the 16–20 GHz bandpass filters
are also considered in the calculation, whilst a reflection coef-
ficient is shown in the isolated ports of the hybrid couplers
(Γr1 and Γi10). This analysis of the diplexer for the 16–20 GHz
band takes into account that the isolated port of both hybrid
couplers is loaded with a reflective open end, which means
Γr1 = 1, and, indeed, it makes easier the circuit manufac-
ture since 50 Ω loads are avoided, and the performance of
the balanced configuration is not affected.
In a similar way, the transmission signal to output port
#3 is analyzed as the transfer gain of the input hybrid cou-
pler (between its #H1 and #H4 ports) and the transfer gain
of the bandpass filter of the 10–14 GHz band. Moreover, the
mismatching coefficient between the subsystems at its inter-
face (reference plane P3 in Fig. 4) is considered to correct the
losses due to those mismatchings.
In the light of the above, the analysis is presented in terms
of the cascaded transfer gain of the different subsystems cor-
rected by the mismatching effect between them. Therefore, the
transfer gain between ports #1 and #2 can be expressed as
GT1−2 = |S21 |
2, (1)
where S21 is the whole gain of the balanced structure from
port #1 to port #2 in which each of the 16–20 GHz filters is
located. As all the subsystems are the same and symmetrical,
S21 is defined as
S21 =
S12−BPF16−20 · SH1H2 · SH1H3 ·
(
−Γi2 · Γi10 · SH1H2 2 + Γi2 · Γi10 · SH1H3 2 + 1
)
(




S12−BPF16−20 · SH1H3 · SH1H2 ·
(
Γi3 · Γi10 · SH1H2 2 + Γi3 · Γi10 · SH1H3 2 + 1
)
(




where Sij−BPF 16−20 and Sii−BPF16−20 are the scattering param-
eters of the 16–20 GHz bandpass filter, SHiHj and SHiHi are the
scattering parameters of the hybrid couplers, and the parameter
A is defined as
A= Γi2 · Γi10 · SH1H2
2 + Γi3 · Γi10 · SH1H3
2 − 1. (3)
Moreover, the different reflection coefficients included in
Eq. (2) are defined as
ΓOS3 =SH3H3 +
SH3H2 · SH2H3 · Γi3
1 − SH2H2 · Γi3
+
SH4H3 · SH3H4 · Γi10




SH3H2 · SH2H3 · Γi2
1 − SH2H2 · Γi2
+
SH4H2 · SH2H4 · Γi10




S21−BPF16−20 · S12−BPF16−20 · ΓiS2
1 − S22−BPF16−20 · ΓiS2
, (6)
Γi3 =S11−BPF16−20 +
S21−BPF16−20 · S12−BPF16−20 · ΓiS3
1 − S22−BPF16−20 · ΓiS3
, (7)
ΓiS2 =SH2H2 +
SH4H2 · SH2H4 · Γr1
1 − SH4H4 · Γr1
, (8)
ΓiS3 =SH3H3 +
SH4H3 · SH3H4 · Γr1
1 − SH4H4 · Γr1
, (9)
ΓO2 =S22−BPF16−20 +
S12−BPF16−20 · S21−BPF16−20 · ΓOS2




S12−BPF16−20 · S21−BPF16−20 · ΓOS3
1 − S11−BPF16−20 · ΓOS3
.
(11)
In an analogous way, considering ports #1 and #3, the





where GTH1-4 is the transfer gain of the input hybrid coupler,
GT10-14 is the transfer gain of the 10–14 bandpass filter, and M3
is the mismatching coefficient at reference plane P3. The coef-









1 − |Γi10 |2
)
|1 − Γi · ΓS |2 · |1 − SH4H4 · Γi10 |2
=
|SH4H2 · SH2H1 · Γi3 + SH4H3 · SH3H1 · Γi2 |2 ·
(




1 − |Γi10 |2
)









1 − |ΓL′ |
2
)









1 − |Γi10 |2
)
|1 − ΓiS4 · Γi10 |2
, (15)
where Sij−BPF10−14 and Sii−BPF10−14 are the scattering param-
eters of the 10–14 GHz bandpass filter.
Replacing in Eq. (12) and considering the matching loads
at each port, the transfer gain for the low-frequency band is
obtained as
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FIG. 5. Electromagnetic simulation of
the quadrature hybrid coupler in terms
of the transmission, isolation, and
matching parameters. (a) Layout of the
hybrid coupler. (b) Scattering parame-
ters.
GT1−3 =
|SH4H2 · SH2H1 · Γi3 + SH4H3 · SH3H1 · Γi2 |2 · |S21−BPF−10−14 |2
|1 − SH4H4 · Γi10 |2
, (16)
where the load condition Γi10 = S11−BPF10−14 is assumed.
B. 90◦ quadrature hybrid coupler
The design of the 90◦ hybrid couplers is based on a
3-section synthesis16,17 to properly cover the 10–20 GHz
frequency band in the microstrip technology, considering a
symmetrical configuration. The use of 90◦ hybrid coupler
involves competitive manufacturing and assembly improve-
ments facing approaches such as Lange, coupled-line, or over-
lay couplers since physical dimensions or interconnections
between elements are not critical issues in the design and
manufacture procedure. Figure 5 depicts the electromagnetic
simulation, performed with HFSS 3D software, of the 90◦
hybrid coupler, showing the matching of the input port (port
#H1 in Fig. 4 for the coupler), the transmission losses for
both outputs (ports #H2 and #H3 in Fig. 4), and the isola-
tion between outputs. Besides, the phase difference perfor-
mance between both outputs (ports #H2 and #H3 in Fig. 4)
is shown in Fig. 6, with an in-band average phase difference
of 89.3◦.
FIG. 6. Electromagnetic simulation of the quadrature hybrid coupler in terms
of its phase performance.
C. Bandpass filters
Both bandpass filters (10–14 GHz and 16–20 GHz bands)
are designed using a shunt stub configuration in microstrip
lines.17 Both of them have to highly reject the other sub-
band of the diplexer outputs, in order to avoid any undesired
frequency component. In order to fulfill the bandwidth and
rejection requirements, both filters are designed using 5 sec-
tions with open-end stubs in each one. Both bandpass filter
layouts are shown in Fig. 7, and Fig. 8 shows the electromag-
netic simulations, also with HFSS, of both bandpass filters, in
terms of their insertion loss and input reflection coefficient.
IV. EXPERIMENTAL CHARACTERIZATION
The diplexer has been manufactured on a 0.254-µm thick
CLTE-XT substrate (εr = 2.89) from Rogers Corporation.
It has been assembled in a chassis, specifically machined
for integration purposes, provided with commercial super-
SMA jack connectors, model 214-500SF from Southwest
Microwave, to properly cover the full bandwidth. Figure 9
shows a photograph of the diplexer assembly inside the
chassis.
The performance of the diplexer has been measured using
a vector network analyzer through a short-open-load-through
standard calibration at the coaxial ports. The measured and
simulated transmission coefficients of both outputs and the
isolation between them are shown in Fig. 10, while the return
loss of each port (input and both outputs) is depicted in Fig. 11.
The overall response of the diplexer shows return loss better
than 13 dB, and this value is reduced to around 10 dB in a
narrow frequency band, around 10 GHz and 13 GHz, which
is due to the combination of the hybrid coupler with the band-
pass filters. This return loss achieved in the measurement is
considered enough in order not to severely affect the whole
system. These results are compared to the simulation results
(empty symbols) provided by a HFSS electromagnetic sim-
ulator. Average in-band insertion of loss of around 2.3 dB is
obtained in simulation, whereas around 3.3 dB in the mea-
surement. The slight difference between these values is due
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FIG. 7. Layouts of the bandpass filters.
(a) 10–14 GHz filter. (b) 16–20 GHz
filter.
to the additional losses provided by the connectors and the
coaxial-to-microstrip transitions implemented in the chassis
assembly and not considered in the simulation. Besides, the
SMA coaxial port calibration enables to characterize the circuit
in a similar way to the integration in the whole system, since
the diplexer will be connected to other subsystems through
coaxial connectors, and a real estimation of its insertion loss
is provided. The rejection measured in each subband shows
levels above 23 dB over the whole frequency bands.
FIG. 8. Electromagnetic simulations of the 10–14 GHz and 16–20 GHz
bandpass filters.
FIG. 9. Picture of the manufactured diplexer assembled in a chassis with
super-SMA connectors (size: 61 × 57.7 mm2).
The performance of the diplexer is listed in Table I,
which also shows the performance of the different designs
presented in the literature. The comparison between the
described diplexer and other proposals validates the perfor-
mance obtained in this paper as a competitive alternative to
FIG. 10. Simulated (empty symbols) and measured (filled symbols) perfor-
mance of the diplexer: insertion loss of each subband and isolation between
them.
FIG. 11. Simulated (empty symbols) and measured (filled symbols) perfor-
mance of the diplexer: matching results at each port.
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TABLE I. Performance comparison of the presented work with other diplexers.
Output frequency bands— Fractional Insertion Return
References center frequency (GHz) bandwidth (%) loss (dB) loss (dB) Isolation (dB) Technology
8 1.8 . . . 0.4 >20 >15 Band-stop filters and stepped-impedance resonators
2.45 0.42
9 2.3 6.1 1 >20 >30 Stub-loaded resonators
2.72 5.8 0.9
10 1.08 6.6 <6.9 >15 >45 Open loop ring resonators
1.85 4.1
11 1.95 . . . 0.9 >18 >30 Open loop ring resonators
2.14
12 1.82 . . . 2.2 >11.9 >30 Open loop ring resonators
2.41 2.1
13 9.5 4.2 1.6 >10 >35 Substrate integrated waveguide
10.5 3.8 2.1
14 12 25 0.2 >25 . . . Waveguide
18 11
15 417.5 5.9 1.72 >20 . . . Hybrid-coupled waveguide
442.5 5.6 2.29
467.5 5.3 2.63
This work 12 43.3 3.3 >10 >23 Hybrid-coupled microstrip
18 27.7
cover great bandwidths with high isolation values between
undesired frequency bands.
V. CONCLUSIONS
A new octave bandwidth microstrip diplexer intended for
a radio astronomy receiver has been described. The design uses
a balanced topology with the combination of two 90◦ hybrid
couplers and three bandpass filters to provide one output band
from 16 to 20 GHz, while the other from 10 to 14 GHz is
obtained through the rejected signal at the isolated port of the
first hybrid coupler. The presented configuration avoids the use
of a matching load in the isolated port of the 90◦ hybrid coupler.
The diplexer designed has been assembled in a chassis with
coaxial ports for connectivity purposes. The two wideband
output bands, 10–14 GHz and 16–20 GHz, have been properly
split, with average insertion loss of around 3.3 dB and isolation
between diplexer outputs higher than 23 dB. The performance
of the described diplexer validates its use on an interferometer
type radio astronomy receiver to cover the full 10–20 GHz
frequency band.
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E. Martı́nez-González, P. Vielva, D. Herranz, F. J. Casas, E. Artal, B. Aja,
L. de la Fuente, J. L. Cano, E. Villa, A. Mediavilla, J. P. Pascual, L. Piccirillo,
B. Maffei, G. Pisano, R. A. Watson, R. Davis, R. Davies, R. Battye,
R. Saunders, K. Grainge, P. Scott, M. Hobson, A. Lasenby, G. Murga,
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K. Grainge, S. Harper, D. Herran, J. M. Herreros, G. A. Herrera, M.
P. Hobson, A. N. Lasenby, M. Lopez-Caniego, C. López-Caraballo, B.
Maffei, E. Martinez-Gonzalez, M. McCulloch, S. Melhuish, A. Mediavilla,
G. Murga, D. Ortiz, L. Piccirillo, G. Pisano, R. Rebolo-López, J. A. Rubiño-
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